Mass spectrometry-based quantitative proteomics has become an important component of biological and clinical research. Current methods, while highly developed and powerful, are falling short of their goal of routinely analyzing whole proteomes mainly because the wealth of proteomic information accumulated from prior studies is not used for the planning or interpretation of present experiments. The consequence of this situation is that in every proteomic experiment the proteome is rediscovered. In this report we describe an approach for quantitative proteomics that builds on the extensive prior knowledge of proteomes and a platform for the implementation of the method. The method is based on the selection and chemical synthesis of isotopically labeled reference peptides that uniquely identify a particular protein and the addition of a panel of such peptides to the sample mixture consisting of tryptic peptides from the proteome in question. The platform consists of a peptide separation module for the generation of ordered peptide arrays from the combined peptide sample on the sample plate of a MALDI mass spectrometer, a high throughput MALDI-TOF/TOF mass spectrometer, and a suite of software tools for the selective analysis of the targeted peptides and the interpretation of the results. Applying the method to the analysis of the human blood serum proteome we demonstrate the feasibility of using mass spectrometry-based proteomics as a high throughput screening technology for the detection and quantification of targeted proteins in a complex system.
The comprehensive, quantitative analysis of proteomes is informative and challenging. It is informative because the comparative analysis of proteomes or fractions thereof identifies proteins that are present at different quantities in the samples compared. Such differences in turn have been used to identify cellular functions and pathways affected by perturbations and disease (1) (2) (3) (4) (5) (6) , have been used to identify new components and changes in the composition of protein complexes and organelles (7) (8) (9) (10) (11) (12) , and have led to the detection of putative disease biomarkers (13, 14) . Comprehensive proteome analysis is challenging because of the enormous complexity of the proteome. In comparison to the number of open reading frames in a genome the number of unique protein species expressed by it is vastly expanded by the action of post-transcriptional processing mechanisms including protein modifications, alternative splicing, and proteolytic processing. Consequently, to date, neither the complexity of a proteome nor its actual composition has been determined for any species.
Over the last few years a number of mass spectrometrybased quantitative proteomic methods have been developed that identify the proteins contained in each sample and determine the relative abundance of each identified protein across samples (15) (16) (17) (18) (19) (20) or the absolute abundance of specific proteins in a sample (21, 22) . Generally the proteins in each sample are labeled to acquire an isotopic signature that identifies their sample of origin and provides the basis for accurate mass spectrometric quantification. Samples with different isotopic signatures are then combined and analyzed typically by multidimensional chromatography tandem mass spectrometry. The resulting CID spectra are then assigned to peptide sequences, and the relative abundance of each detected protein in each sample is calculated based on the relative signal intensities for the differentially isotopically labeled peptides of identical sequence. Therefore, in a single operation the identity of the proteins contained in the samples and their relative abundance are determined. While the methods differ in the way the stable isotopes are incorporated into the polypeptides and the precise analytical (separation, mass spectrometry, and data processing) methods used (15) , they have in common that in every experiment results are only obtained from those peptides for which in the tandem mass spectrometry (MS/MS) 1 experiment precursor ions are selected, successfully fragmented, and conclusively assigned to a peptide sequence. Therefore, in every proteomic experiment of this kind the proteome is rediscovered without taking advantage of the data collected from prior experiments. Furthermore it has become apparent that this type of proteomic analysis is quite inefficient in that the number of successfully identified and quantified peptides is about an order of magnitude lower than the number of detectable peptides present in the sample (23) and that it is biased toward the proteins of higher abundance.
In many studies it is necessary to analyze a large number of proteomes and to compare the obtained results. In biomarker discovery studies for example, large numbers of samples are required to detect protein patterns that consistently associate with a specific condition within a large background of proteins that may randomly fluctuate within the population tested (24 -26) . In the emerging field of systems biology a key element is the quantitatively accurate and comprehensive measurement of the components that constitute the system in differentially perturbed states and the synthesis of these data into a model describing the system (27) . Therefore, it is essential that quantitative proteomic experiments can be carried out at high throughput.
Recently we have argued that genomics-style biology can be separated into two distinct phases: a discovery phase in which all the possible elements of one type are discovered and a browsing or screening phase in which the list of all possible or known elements is searched for those that may be of interest in a particular study (28) . The transition from a discovery to a browsing mode of operation has already been implemented for genomic sequencing, gene expression array analysis, and the analysis of single nucleotide polymorphisms. In this work we describe a method and its implementation in a platform to also transform quantitative proteomics from a discovery into a browsing mode of operation. We demonstrate the performance of the system by analyzing proteins contained in human blood serum. Based on the characteristics of the method, which includes vastly simplified data analysis, high throughput, absolute quantification of proteins in complex samples, reduced redundancy, the ability to search for and quantify specific proteins, and the potential for standardization of results between laboratories, the method is expected to become widely applicable in quantitative proteomic studies.
EXPERIMENTAL PROCEDURES

Preparation of Formerly N-Glycosylated Peptides from Serum-
The procedure for the selective isolation of N-glycosylated peptides from serum was described previously (29) . Proteins from 50 l of serum were exchanged into coupling buffer (100 mM NaAc and 150 mM NaCl, pH 5.5) using a desalting column (Bio-Rad) and oxidized by adding 15 mM sodium periodate at room temperature for 1 h. After removal of the oxidant using a desalting column, the sample was conjugated to hydrazide resin (Bio-Rad) at room temperature for 10 -24 h. Non-glycosylated proteins were then removed by washing the resin six times with 1 l of urea solution (8 M 15 N and five to nine 13 C atoms were from Cambridge Isotope Laboratories (Andover, MA). The precise sequences to be synthesized were selected from prior data generated by the analysis of peptides isolated from serum samples by ESI-MS/MS. Preloaded Wang resins were from Applied Biosystems (Foster City, CA). The synthesis scale was 5 mol. Amino acids activated in situ with 1-Hbenzotriazolium,1-[bis(dimethylamino)methylene]-hexafluorophosphate(1-),3-oxide:1-hydroxybenzotriazole hydrate were coupled at a 5-fold molar excess over peptide. Each coupling cycle was followed by capping with acetic anhydride to avoid accumulation of oneresidue deletion peptide byproducts. After synthesis, peptide resins were treated with a standard scavenger-containing trifluoroacetic acid-water cleavage solution, and the peptides were precipitated by addition to cold ether. Peptides were purified by reverse phase C 18 HPLC using standard TFA/acetonitrile gradients and characterized by MALDI-TOF (Biflex III, Bruker Daltonics, Billerica, MA) and ion trap (LCQ DecaXP, ThermoFinnigan, San Jose, CA) MS. The purified synthetic peptide stocks were quantified by amino acid analysis using a PicoTag station (Waters, Milford, MA) for acid hydrolysis and an AccQ-Fluor reagent kit (Waters) for amino acid derivatization. The quantity of each reference peptide used per assay is indicated in Table I .
LC/Probot Fractionation and MALDI-TOF/TOF Analysis-6 l of the formerly N-glycosylated peptide mixture (corresponding to an isolate from 12 l of serum) was separated by reverse phase C 18 column and spotted on a MALDI plate. The separation was performed using an Ultimate HPLC system (LC Packing/Dionex, Sunnyvale, CA) coupled with a Famos microautosampler (LC Packing/Dionex). A 100-min gradient with solvent B ramping from 5 to 40% in 70 min was used for peptide separation using an in-house packed C 18 column (150-m inner diameter ϫ 12.5 cm). The solvents A and B were 0.1% TFA, HPLC grade water and 0.1% TFA, acetonitrile, respectively. The eluent from the capillary column was mixed with the ␣-cyano-4-hydroxycinnamic acid matrix solution (Agilent Technologies, Palo Alto, CA) in a 1:1 ratio in a mixing tee before spotting onto the MALDI plate. The fractions were automatically collected in 30-s intervals and spotted on a 192-well MALDI plate (Applied Biosystems) using a Probot microfraction collector (LC Packing/Dionex). The samples were analyzed by a MALDI-TOF/TOF tandem mass spectrometer (ABI 4700 Proteomics Analyzer, Applied Biosystems). Both MS and MS/MS data were acquired with a Nd:YAG (neodymium doped yttrium aluminum garnet) laser with 200-Hz sampling rate. For MS spectra, 1000 laser shots per spot were used to assure appropriate ion statistics for quantification. MS/MS mode was operated with 1-keV collision energy. The CID was performed using air as the collision gas. Typically 2000 laser shots were used for MS/MS acquisition. Both MS and MS/MS data were acquired using the instrument default calibration.
Data Base Searching of MS/MS Data-MS/MS data were searched against the human protein data base from International Protein Index (IPI) human protein data base version 2.28 from the European Bioinformatics Institute (EBI) and a standard peptide data base containing the spiked peptides. The mass tolerance of the precursor peptide was set at Ϯ0.4 Da, and the data base search was set to expect the stable isotope labeling and the following modifications: carboxymethylated cysteines, oxidized methionines, and an enzyme-catalyzed conver-sion of asparagine to aspartic acid at the site of carbohydrate attachment. No other constraints were included in the SEQUEST search.
Quantification-Binary files of MS survey scans were exported using 4700 Explorer software. Each file corresponded to a single MS spectrum. The peak information including spot number, mass, and intensity was extracted from the binary files and converted to text files. The individual files were then combined into a single text file that contained the peak information from all the spots. The file was scanned for peptides that had eluted across more than one sample spot. The signal intensities of these peptides from each adjacent spot were summed together to determine an accurate intensity over the entire peptide elution profile. The quantification of targeted peptides was achieved using the abundance ratio of a native peptide to the corresponding spiked stable isotope-labeled peptide for which the amount was known. The quantification of each identified peptide was manually checked to verify the validity of the results.
RESULTS
The method is schematically outlined in Fig. 1 . It is conceptually simple and consists of two main steps, the production of peptide arrays and their interrogation by MALDI tandem mass spectrometer in MS and MS/MS mode. For the production of ordered peptide arrays, protein samples (untagged proteins or proteins labeled with specific stable isotope tags) are subjected to tryptic digestion and combined with a mixture of defined amounts of isotopically labeled reference peptides, each of which uniquely identifies a particular protein or protein isoform (proteotypic peptides). The reference peptides are generated by chemical synthesis and contain heavy stable isotopes. The decision that peptides should be synthesized is based on information obtained from prior experiments. The combined peptide mixture is separated by capillary reverse phase liquid chromatography, and the eluting peptides are deposited on a MALDI sample plate to form an ordered peptide array in which each array element contains peptides that are derived from the digested sample proteins and/or from the mixture of reference peptides. For the detection and quantification of the target polypeptides (i.e. those proteins for which a reference peptide was added to the sample) the sample is analyzed using a MALDI tandem mass spectrometer, carrying out the following sequential steps. In step A, high speed MS scanning, MALDI-MS spectra are acquired from each array element, generating two types of signals, one representing the signals of the peptides for which no reference peptide was added, appearing as single peaks, and the other representing the signals for those peptides for which a reference peptide was added, appearing as paired signals with a mass difference that precisely corresponds to the mass difference encoded in the stable isotope tag. In step B, peptide quantification, the signal intensities of the isotopically heavy and light forms of a signal pair are determined and can be used to calculate the absolute abundance of the peptide derived from the protein sample. As reverse phase chromatography could split a specific pair of isotopic peptides across several consecutive spots on the MALDI plate, it is necessary to process the data prior to quantification. A specifically developed software tool scans the MS data files for peptides that eluted across more than one sample spot, sums the signal intensities of the corresponding signals from adjacent spots, and uses the integrated value for quantification, thus ensuring higher quantitative accuracy. In step C, optional confirmation of peptide identity by MS/MS, proteins are primarily identified by correlating the array position and the accurately measured mass of each isotopically labeled peptide pair in the array with a list of added reference peptides of known mass. Optionally peptide sequences could be confirmed by subjecting selected peptides to CID and searching the resulting spectra against a sequence data base (30) or a library of previously acquired MS/MS spectra representing the sequences of the reference peptides.
To test the robustness of peptide identification, reference peptides were added to a complex mixture of formerly Nglycosylated tryptic peptides extracted from human serum (29) and spotted onto the sample plate under slightly different chromatography conditions. The plates were then analyzed, and the peptides were identified in the sample mixture based on their accurate masses, the paired nature of the signal, and the location on the peptide array. Fig. 2 shows the extracted ion traces over the chromatographic separation range for two consecutive runs. It is apparent that the stable isotope-labeled peptide LADLTQGEDQYYLR (mass, 1690.8 Da; stable isotope labeling on Leu (underlined); amount of added peptide indicated in Table I ) and its corresponding native peptide were unambiguously identified in the complex background even though the targeted peptide pair was found in different spot positions in the two runs. The accurate mass together with the paired nature of the signal were sufficient for the identification of the target peptides within the complex sample mixture. With increasing complexity of the analyzed sample the chance that these criteria are insufficient for unambiguous peptide identification also increases. In these cases, peptide identities were confirmed by the fragment ion spectra of the precursors that are isobaric to the targeted peptide. An example of peptide confirmation by CID is illustrated in Fig. 3 . Two peaks that corresponded to the mass of the stable iso- tope labeled reference peptide LHEITDETFR (mass, 1269.4 Da; stable isotope labeling on Phe (underlined)) were detected within the mass search window. The expected signal was discriminated from the unexpected one based on the CID spectrum. The SEQUEST search results of the obtained spectra indicated that the precursor ion with higher intensity, eluting across spot 133 to spot 138, was the target peptide. By limiting the number of sequencing operations using this approach, the platform not only provided for high confidence peptide identifications but also operated in a high throughput mode. For instance, with a laser sampling rate at 200 Hz available in the 4700 MALDI-TOF/TOF instrument, a 192-well sample plate could be analyzed in less than 1 h by MS scan of 192 spots followed by 200 MS/MS scans for selected peptide sequence validation.
To assess the performance of the system for rapid profiling of selected proteins in complex mixtures we analyzed Nglycoproteins in human serum. The serum-derived peptides were generated from serum proteins by using the solid-phase glycopeptide capture and release method as described under "Experimental Procedures." The serum-derived sample was added with a mixture of isotopically labeled reference peptides. The combined sample was separated by capillary reverse phase chromatography and spotted onto the sample plate in 192 spots and analyzed by MALDI-TOF/TOF. As indicated in Fig. 4 , the added reference peptides could be detected and identified over a broad range of the chromatographic separation range in a very complex sample. Fig. 4A shows the number of ions detected in each spot in MS mode, and Fig. 4B shows the distribution of the reference peptides detected in the sample over the chromatographic separation range. The distribution profile of the reference peptides de -FIG. 4 . A, the number of ions detected in each spot in MS mode. B, the elution profile of the stable isotope-labeled reference peptides added to the complex formerly N-glycosylated peptide mixture. The quantity of each reference peptide added is indicated in Table I. FIG. 3. Complementarity of peptide identification using specific mass matching and peptide sequencing. The search of a specific mass (MH ϩ , 1270.4 m/z for peptide LHEITDETFR; stable isotope labeling on Phe (underlined)) resulted in more than one precursor ion locating at different spot positions. Both of the precursor ions were subjected to MS/MS analysis. The one with the higher intensity, distributing across spots 133-138, was identified as the targeted peptide.
tected was extracted from the complex background. The sequence and quantity of the reference peptides discussed in Fig. 4B are listed in Table I . Fig. 5A shows the base peak chromatogram of the detected peptides, indicating that peptides were detected over the whole separation range with the majority of peptide signals concentrated between fractions 25 and 140. Fig. 5B shows the mass spectrum of a representative spot, indicating the complexity of the sample analyzed. In total more than 2500 unique ion signatures were detected in MS mode. To identify and quantify the target peptides we used the computer-driven selective peptide analysis method described above. Fig. 6 shows that the peptides could be identified and quantified even though they represented relatively minor peaks in a complex spectrum. Data for peptide NDATVHEQVGGPSLTSDLQAQSK, which was derived from vitronectin precursor and 13 C-and 15 N-labeled on residue leucine 18, are shown. Using the specific mass to search the MS data, the spot (or spots) containing the expected peptide pair was located. By examining the MS spectrum, the paired peaks (reference and native) were identified. The MH ϩ of the reference peptide and native peptide were 2389.2 and 2382.2 Da, respectively. MS/MS analysis and sequence data base searching further confirmed the identification of the peptides. Since the amount of the reference peptide was known, the concentration of the native peptide could be calculated based on the signal intensity ratio of the paired peptide signals. Consequently the identification and quantification of the related proteins in a complex serum sample was accomplished. The concentration of a protein in a serum sample can be calculated according to Equation 1 ,
where A n and A s are the integrated peak area of the native and reference peptide in the MS spectrum, respectively. M s is the amount of stable isotope-labeled peptide spiked in the formerly N-glycosylated peptide mixture used for MALDI-TOF/ TOF analysis. V a is the volume of the formerly N-glycosylated peptide mixture used for MALDI-TOF/TOF analysis. V b is the total volume of the formerly N-glycosylated peptide mixture extracted from the serum sample. V is the total volume of the serum used for the formerly N-glycosylated peptide extraction. It is important to note that the accuracy of the result estimated from the above formula depends on many factors including the purity of reference peptides, sample preparation process, formerly N-glycosylated peptide extraction efficiency, and data processing, etc.
To demonstrate the capacity of the system to rapidly and quantitatively profile selected serum proteins, formerly N-glycosylated peptide isolates from four human serum samples were analyzed. The samples were isolated from two individuals (indicated as 1 and 3, respectively) in a fasted (F) or saturated (S) state. The reference peptides were spiked into the samples, and the mixture was analyzed by off-line LC-MALDI-TOF/TOF platform. The proteins and the corresponding signature peptides for which both reference and native signals were detected by the platform are listed in Table II . The results are presented in the form of a peptide map in Fig.  7 . The x axis represents the mass of the targeted native peptides, and the y axis indicates the abundance ratio of a native peptide to the corresponding isotope-labeled peptide, providing the quantitative information describing the corresponding protein. The peptides with masses 1542.7, 1559.8, 1662.9, 2278.3, and 2381.2 Da, respectively, did not show significant changes between the individuals and between the saturation states for the same individual. The data for the peptides with masses 1683.8, 1897.0, and 2195.2 Da, however, showed different patterns. For instance, for the peptide with mass of 2195.2 Da there was not a significant difference between the two individuals in the fasted state. However, in the saturated state the level of the peptide was increased significantly for individual 1, while only a minimal change was observed for individual 3. The result indicates that, even in very complex samples with enormous number of proteins that may fluctuate within a population, the key elements that indicate the state of a specific biological condition can be effectively extracted and expressed quantitatively by this approach. 
DISCUSSION
In this study we describe a method for proteome screening and an experimental platform that supports the method. The method has the potential to reach very high throughput because the redundancy common to LC-MS/MS-based proteomic experiments is eliminated, and the analysis is focused on specific, information-rich analytes. It is an important question how the candidate reference peptide sequences are identified in the first place. In the present study the peptides to be synthesized were selected from the data from prior ESI-LC-MS/MS experiments using formerly N-glycosylated peptides isolated from serum. We have also more generally addressed the question by generating a data analysis system and a data base that integrates proteomic data from different platforms, FIG. 6 . Identification of a targeted peptide pair in a complex formerly N-glycosylated peptide mixture. The pair of the reference and native peaks was located and identified using MS data based on specific mass matching and the pair nature of the signal. The validation of the peptide sequence was accomplished using MS/MS analysis and data base searching.
laboratories, and experiments (31) . This data base is a useful resource for the selection of sets of reference peptides. The off-line LC-MALDI-TOF/TOF-based platform provides several advantages for such an approach including high mass range and accuracy, selective MS/MS analysis based on MS information, and easy to interpret data structure. The generation of predominantly singly charged peptides by MALDI simplifies the quantitative analysis. Peptide identification can be performed on the same MALDI plate afterward by MS/MS if the information is needed. The ability to reexamine and verify the same sample set can be very beneficial for quantitative applications. In the present study the assignment of spectra to their corresponding peptide sequences was accomplished by sequence data base searching. Alternatively the spectra could also be searched against a library of spectra previously recorded for the reference peptides (library search). It is important to note that not all of the spike-in peptides behaved the same in a complex sample. In selection of reference peptides, criteria such as biological significance, sensitivity for mass analysis, good mass range, lack of potential mass overlap with other peptides, etc. need to be satisfied based on the type of mass spectrometer used. The development of proteome screening technology indicates an important transition of quantitative proteomics from a sole discovery mode into a multiphase technology. The implementation of the browsing/screening mode allows us to utilize the extensive genomic and proteomic knowledge that has been accumulated by biology and medicine and focus on analyzing the key elements that uniquely represent a specific biological condition. Technically, since the identification and quantification of targeted proteins is based on searching and identifying the corresponding signature peptide pairs directly, the approach significantly reduces sample complexity thereby improving throughput and identification confidence. It provides greater analytical dynamic range and facilitates the detection of low abundant proteins. The ability to describe specific protein patterns associated with certain biological conditions within a complex background in an absolute quantitative way provides the feasibility for data standardization. The proteome screening technology described in this report opens new opportunities for quantitative proteomic analysis and can potentially be developed into a high throughput technology for clinical diagnosis at the proteome level. 1F, 1S, 3F, and 3S) . The x axis represents the peptide mass. The y axis indicates the abundance ratio of a native peptide to the corresponding stable isotope-labeled reference peptide. The peptides and their corresponding proteins are listed in Table II. 
